Abstract. The dissociation energy, equilibrium distance, and vibrational constant for the 1 Σ + g ground state of the Yb 2 molecule are calculated. The relativistic effects are introduced through generalized relativistic effective core potentials with very high precision. The scalar relativistic coupled cluster method particularly well suited for closed-shell van-der-Waals systems is used for the correlation treatment. Extensive generalized correlation basis sets were constructed and employed. The relatively small corrections for high-order cluster amplitudes and spin-orbit interactions are taken into account using smaller basis sets and the spin-orbit density functional theory, correspondingly.
Introduction.
Several groups are working on the development of a new generation of frequency and time standards based on atomic optical transitions [1, 2, 3] . Neutral ytterbium atoms loaded into a laser lattice are very promising candidates for constructing such high-performance atomic clock [4] . The properties of Yb 2 are necessary to assess the feasibility of using laser cooled and trapped Yb atomic species for ultraprecise optical clocks or quantum information-processing devices [5] .
Unfortunately, reliable experimental data on the spectroscopic constants of the Yb 2 molecule are unknown; e.g., the uncertainty of the experimental dissociation energy estimate from [6] , 0.17 eV, is comparable to the value itself. A series of papers was devoted to their calculation. Dolg and co-workers reported the values 400 [7] , 470 [8] , and 740 cm −1 [9] for the dissociation energy. The coupled electron pair approximation, density functional theory (DFT), configuration interaction method with single and double excitations (CISD), and coupled cluster method with single, double (and noniterative triple) cluster amplitudes, CCSD(T), were used to account for the correlation effects. Ytterbium core shells were replaced by scalar (spin-averaged) energy-consistent pseudopotentials (PPs) generated for 2, 10, and 42 explicitly treated electrons. Their latest result [9] of 740 cm −1 should be considered the most reliable, because the basis set used was larger than that in the previous calculations and 42 electrons were treated explicitly for each Yb atom (42e-PP).
In [10] , the scalar DFT approach and a 24-electron relativistic effective core potential (RECP) model for ytterbium were used. The dissociation energy estimates ranging from 500 to 1400 cm −1 were obtained with different exchange-correlation functionals. In [11] , the Yb dimer was studied in the averaged quadratic coupled cluster, DFT, and CCSD(T) approximations. The Yb atom was described by a 42-electron energy-consistent PP. It was emphasized that the "incomplete convergency, most clearly seen for Yb 2 results, indicated the need for more advanced ab initio schemes". In addition to the evident problem of the incompleteness of the one-electron basis set, it is not clear whether the truncation of the cluster expansion after the three-body terms provides a good approximation for the Yb 2 ground state, which could be considered a perturbed four-electron system. Furthermore, almost all calculations mentioned above were done within the scalar relativistic approximation. In spite of the closed-shell-like nature of the system under study, the contribution of spin-dependent interactions to the bond energy can still be significant (cf. [12] ). The only attempt [7] to estimate the role of spin-orbit interactions in Yb 2 was made within a somewhat simplistic four-electron CI scheme using a very restricted basis set that can hardly be used to reliably reproduce the van-der-Waals behaviour of the potential curve.
In the present paper, we report an attempt at improving the accuracy of the calculated molecular constants for Yb 2 using extremely flexible generalized correlation basis sets and estimating the contributions from high-order cluster amplitudes and spindependent relativistic effects.
Calculations and discussion.
Scalar relativistic calculations were performed within the generalized relativistic effective core potential (GRECP) model [13, 14, 15, 16] using the CCSD(T) method (implemented in the molcas program package [17] ) for correlation treatment. The high accuracy and reliability of this approach has been demonstrated in similar calculations (see, e.g., [12] ). 42 electrons were explicitly considered for each Yb atom; the 4s, 4p, 4d or 4s, 4p, 4d, 4f, 5s, 5p shells were frozen in 48-and 4-electron calculations, respectively). Generalized correlation basis sets comprising (19, 17, 7, 17 [5, 5, 3, 2] (i.e. with the g and h harmonics removed from the previous uncontracted basis set) in the latter cases were generated by the procedure developed previously [18, 19] .
Calculations were carried out for internuclear distances from 6 to 14 a.u. Spectroscopic constants were calculated by the Dunham method in the BornOppenheimer approximation using the dunham-spectr code [20] . All our results were rectified using counterpoise corrections (CPC) [21, 22] figure 1 ; our estimates for the main spectroscopic constants are listed in table 1. We started from 4-electron scalar relativistic CCSD(T) (denoted as 4e-CCSD(T) below) calculations with a rather large [11, 10, 9, 7, 5 , 1] basis set, which gave D e =706 cm −1 . The negligible CPC (0.3 cm −1 for dissociation energy) indicates a good quality of the basis set used. Subsequent calculations of the effects of quadruple cluster amplitudes (Q), valence -outer core correlations (OC), and the spin-orbit interaction (SO) described below have shown that the corresponding contributions to the Yb-Yb interaction energy are relatively small (the resulting dissociation energy estimate is 785 cm −1 ), thus justifying the choice of the 4e-CCSD(T) scheme as a good initial approximation. Note that the 4-electron FCI or 48-electron CCSD(T) calculations with considerably smaller ( [5, 6, 4, 3] or [7, 8, 5, 4, 3, 1] ) basis sets have given much lower D e estimates (D e =536 or 353 cm −1 , correspondingly). Thus, the quality of the basis set is of crucial importance for accurate calculations of the ytterbium dimer.
The contribution from the quadruple cluster amplitudes (as well as the difference between the iterative and non-iterative triple amplitudes) was estimated as the difference between the total energies obtained in the 4e-FCI and 4e-CCSD(T) calculations with the [5, 6, 4, 3] basis set for each of the above mentioned internuclear distances. This difference was then added to the total energy obtained in the 4e-CCSD(T) calculations with the [11, 10, 9, 7, 5, 1] basis set. The derived correction from the quadruple amplitudes to the dissociation energy, 118 cm −1 , is considerably smaller than our final value for D e . We expect that the contribution from the quadruple amplitudes calculated with the [5, 6, 4, 3] basis set will change very slightly (with respect to the final D e value, etc.) if this basis set is replaced by the [11, 10, 9, 7, 5, 1] one. A negligible increase (0.02 cm −1 ) in CPC due to the contribution from the quadruple amplitudes calculated with the [5, 6, 4, 3] basis set confirms the satisfactory quality of this basis set in estimating the contribution from quadruple amplitudes. It should be noted that the 4e-CCSD energy difference for R e = 100. a.u. and R e = 9. a.u. (the latter is close to the equilibrium distance) changes by 229 and 215 cm −1 in going from the [5, 5, 3, 2] basis set to the [5, 6, 4, 3] one and from the [5, 6, 4, 3] basis set to the [11, 10, 9, 7, 5, 1] one, respectively. The corresponding contributions from the non-iterative triple cluster amplitudes are 94 and 81 cm −1 , whereas the former contribution from the quadruple amplitudes is only 18 cm −1 . Thus, extrapolation to the infinite basis set limit should only slightly increase the dissociation energy estimate.
The contribution from the correlations with the 4f, 5s, 5p outer-core electrons was estimated as the difference between the energies found in the 48e-CCSD(T) and 4e-CCSD(T) calculations with the [7, 8, 5, 4, 3, 1] basis set. The dissociation energy decreased by 57 cm −1 , whereas the corresponding CPC contribution was of about 100 cm −1 . It should be noted that the calculations reported in [9, 11] most closely (by the quality of the approximations made) correspond to our 4e-CCSD(T)+OC approximation (see table 1 ). The difference (of 82-98 cm −1 for D e ) between the results of the above calculations can be assigned to the insufficient flexibility of the "outer-core" basis set component in [9, 11] . Unfortunately, calculations for 4 correlated electrons, which are necessary to check this conjecture, were not reported in the cited works.
The effects of spin-dependent (effective spin-orbit) interactions were estimated by comparing the ground-state potential curves obtained in two-component relativistic DFT calculations [23] with full RECPs and those found in scalar relativistic DFT calculations with spin-averaged RECPs. The details of the employed procedure can be found elsewhere [24] . An uncontracted Gaussian basis set (10s11p8d9f 4g) was used to expand auxiliary one-electron spinors in the Kohn-Sham scheme. We employed two generalized gradient approximations for exchange-correlation functionals, a rather universal Perdew-Burke-Erzernhof (PBE) model [25] and the Perdew-Wang approximation (PW91 [26] ), which is believed to be particularly well suited for the description of van-der-Waals bonds.
Despite the potential energy functions obtained in relativistic DFT calculations with PBE and PW91 functionals slightly differed in shape (dissociation energy estimates in two-component calculations are 1238 and 1298 cm −1 , respectively), the corresponding spin-orbit corrections to bond energies as functions of the internuclear separation almost coincided. The addition of these corrections to the results of accurate scalar relativistic calculations has increased D e by 18 cm −1 .
Conclusions.
We predict the exact D e and w e to be slightly higher than 785 cm −1 and 24 cm −1 and the exact R e to be slightly lower than 4.59Å , because all contributions (taken into account in our calculations still approximately but with a good accuracy) except for the OC correlations change the spectroscopic constants in this direction. We expect that the reported estimates of the spectroscopic constants of Yb 2 found by the CCSD(T) technique with very extensive basis sets and the incorporation of corrections for higherorder cluster amplitudes and spin-orbit interactions are the most accurate up to date. Our analysis has revealed a significant role of quadruple amplitudes in the cluster expansion (which were not taken into account in [7, 8, 9, 11] ) and small but nonnegligible contributions from spin-dependent relativistic effects. 
